Introduction

54
As a model organism for aging research, the budding yeast Saccharomyces cerevisiae is 55 assayed using an index of replicative life span or chronological life span (Longo et al., 2012) . 56
Replicative aging in yeast occurs only in mother cells. In budding yeast, mother cells stop 57 dividing after about 20-30 rounds of asymmetric budding, while daughter cells derived from 58 the mother cells are rejuvenated (Mortimer & Johnston, 1959) . Although the cause of aging 59 and the mechanism of rejuvenation are unclear, it is reported that the difference in 60 intracellular pH between mother and daughter cells is associated with replicative aging, 61 rejuvenation, and the life span of S. cerevisiae (Henderson, Hughes & Gottschling, 2014; 62 Hughes & Gottschling, 2012) . 63 64 S. cerevisiae occurs in two growth morphological forms, a yeast form and a pseudohyphal 65 form, according to nutrient availability (Madhani, 2000) . However, the intracellular pH of 66 pseudohyphal form cells is unknown. A study of heterogeneity in the aging process of S. 67 cerevisiae reported that the replicative life span of the pseudohyphal form cells is longer than 68 that of yeast form cells (yeast form cells: on average, 12 buds generated; pseudohyphal form 69 cells: on average, 23 buds generated) (Lee et al., 2012) . Given that this difference in 70 intracellular pH between mother and daughter cells underlies aging and rejuvenation in yeast 71 (Henderson, Hughes & Gottschling, 2014; Hughes & Gottschling, 2012) 
Strains, Media, and Microbiological Techniques 94
The yeast strains used in this study are listed in Table 1 . All strains are commercial products 95 (Schindelin et al., 2012) . The brightness and contrast of some images were adjusted using 131 PowerPoint presentation software (Microsoft Corporation, Redmond, WA, USA). Room 132 temperature was measured using an Ondotori ease RTR-322 temperature and humidity 133 monitor (T&D Corporation, Nagano, Japan) (Data S1). 134
135
Neutral red staining 136
Cells from an overnight culture in liquid YPD were inoculated with a toothpick onto the 137 surface of an isopore hydrophilic membrane with 0.4 µm pore size (Merck Millipore, 138 Billerica, MA, USA) resting on the solid medium, which was then placed on a 18 x 18 mm 139 coverslip (Matsunami Glass Ind., Ltd., Osaka, Japan) and incubated for 1 day (Fig. 3 and Fig.  140 7, lower color images) or 1.5 days (Fig. 4) . Then, the cells on the isopore membrane were 141 stained with neutral red (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan). Neutral red was 142 dissolved in distilled water at a concentration of 1% (w/v), stored after filter sterilization, and 143 diluted with Dulbecco's phosphate-buffered saline (D-PBS(-)) free of Ca and Mg (Nacalai 144 tesque, Inc., Kyoto, Japan) to a final concentration of 0.02% (w/v) before use. After placing a 145 drop (~15 µL) of 0.02% (w/v) neutral red solution on top of a glass slide, the isopore 146 membrane holding the cells was placed on the glass slide and a drop (~15 µL) of 0.02% (w/v) 147 neutral red solution was applied on top of the isopore membrane further, which was then 148 mounted a 18 x 18 mm coverslip and immediately observed under a light microscope (Fig.  149   1 Ammonium sulfate (cat. no. 01322-00) was purchased from Kanto Chemical Co., Inc. 159 (Tokyo, Japan). Neutral red (product no. N0315) was purchased from Tokyo Chemical 160 Industry Co., Ltd. (Tokyo, Japan). Liquid D-PBS(-) without Ca and Mg (product no. 161 14249-95) was purchased from Nacalai tesque (Kyoto, Japan). ( Fig. 3A-3G ). Cells growing on membrane-SLAD showed (1) uniformly red-stained 184 vacuoles, (2) vacuoles contained large red circles occupying the majority of the vacuole, and 185 (3) steep bipolar or steep unipolar gradients of red stain in the vacuoles from the vacuole ends 186 along the long axis of the cell (Fig. 3H-3N ). Buds and small cells tended to contain 187 uniformly red-stained vacuoles ( Fig. 3L and 3N, Fig. 4F and 4H, buds) and elongated or 188 rod-shaped cells tended to show polar gradients from the vacuole ends (Table 2) . Cells 189 possessing multiple vacuoles and pseudohyphae grown on membrane-SLAD showed similar 190 patterns of neutral red staining (Fig. 4) . (Fig. 5, elapsed time 166 min) . In pseudohyphal cells, multiple vacuoles 215 were fused, which were then re-bisected in the cell (Fig. 6, elapsed 
Discussion
235
The purpose of the present study was to examine the intracellular pH of pseudohyphal S. 236 cerevisiae cells with neutral red staining. The results of this study showed that during 237 pseudohyphal growth induced by nitrogen starvation, the S. cerevisiae cells formed polar pH 238 gradients in vacuoles, suggesting that the uniform distribution of vacuolar pH changed to 239 steep bipolar gradients accompanying cell growth, which continued even after the first cell 240 division. In addition, this finding suggests that the vacuolar pH gradients were not formed 241 simply by inheritance of vacuolar contents accompanying vacuolar movements. (Figs. 3 and 4) . 249
250
In cells grown on membrane-SLAD, buds and small cells tended to contain uniformly 251 red-stained vacuole and elongated or rod-shaped cells tended to have polar gradients in the 252 vacuoles from the vacuole ends (Table 2) . 253
254
The relationship between cell size and the staining pattern suggested that during 255 pseudohyphal growth, the staining pattern of the cell vacuoles changed from uniformly red to 256 the polar gradients from the vacuole ends accompanying cell growth (Figs. 3, 4, and 6) . (Fig. 7) . These results demonstrated that the vacuolar pH gradients 281 observed in Red star® Pasteur Red™ cells growing on membrane-SLAD were not a 282 phenomenon specific to Red star® Pasteur Red™ cells. 283
284
There were some limitations to this study that should be acknowledged. First, neutral red acts 285 as a pH indicator, which changes color from red to yellow between pH 6.8 and 8.0. As the 286 range of neutral red is only between pH 6.8 and 8.0, pH not in this range could not be 287 evaluated. Only the pH values near 6.8 (near neutral pH) could be evaluated. (Figs. 3, 4 , and 288 7). Second, it was not possible to image the time-dependent changes of intracellular pH 289 accompanying cell growth because time-lapse microscopy could not be conducted with vital 290 staining and solid culturing simultaneously. 291 292 However, as according to previous studies, vacuoles are generally acidic (Martínez-Muñoz 293
and Kane, 2008; Plant et al., 1999; Preston, Murphy & Jones, 1989; Yamashiro et al., 1990; 294 Carmelo, Santos & Sá-Correia, 1997; Diakov & Kane, 2010) , we herein considered the 295 vacuoles of cells grown on membrane-SSAD and membrane-SLAD (both were pH 4.7) to be 296 more acidic than the coverage of neutral red (pH 6.8-8.0), while the red regions in the 297 vacuoles were near pH 6.8 and the colorless regions were more acidic than the red regions. 298
299
It is reported that vacuole acidification by vacuolar H + -ATPase (V-ATPase) negatively 300 regulates vacuolar membrane fusion and vacuolar morphology is determined by an 301 equilibrium of vacuolar fission-fusion activity (Baars et al., 2007; Desfougères et al., 2016) . 
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